We show results from a network of campaign Global Positioning System (GPS) sites in the Woodlark Rift, southeastern Papua New Guinea, in a transition from seafloor spreading to continental rifting. GPS velocities indicate anticlockwise rotation (at 2-2.7 /Myr, relative to Australia) of crustal blocks north of the rift, producing 10-15 mm/yr of extension in the continental rift, increasing to 20-40 mm/yr of seafloor spreading at the Woodlark Spreading Center. Extension in the continental rift is distributed among multiple structures. These data demonstrate that low-angle normal faults in the continents, such as the Mai'iu Fault, can slip at high rates nearing 10 mm/yr. Extensional deformation observed in the D'Entrecasteaux Islands, the site of the world's only actively exhuming Ultra-High Pressure (UHP) rock terrane, supports the idea that extensional processes play a critical role in UHP rock exhumation. GPS data do not require significant interseismic coupling on faults in the region, suggesting that much of the deformation may be aseismic. Westward transfer of deformation from the Woodlark Spreading Center to the main plate boundary fault in the continental rift (the Mai'iu fault) is accommodated by clockwise rotation of a tectonic block beneath Goodenough Bay, and by dextral strike slip on transfer faults within (and surrounding) Normanby Island. Contemporary extension rates in the Woodlark Spreading Center are 30-50% slower than those from seafloor spreading-derived magnetic anomalies. The 0.5 Ma to present seafloor spreading estimates for the Woodlark Basin may be overestimated, and a reevaluation of these data in the context of the GPS rates is warranted.
Introduction
Continental breakup leads to the formation of ocean basins, and is among the most important, but least understood processes in plate tectonics. The Woodlark Rift in southeastern Papua New Guinea, the East African Rift, and the Gulf of California are among only a few places on Earth where continental breakup just prior to seafloor spreading is well expressed in the present day, and where active processes associated with breakup can be measured in real time. Measurement of crustal strain rates and the kinematics of actively rifting plate boundaries been revolutionized by the development and increasing use of GPS methods over the last 20 years [e.g., J onsson et al., 1997; Niemi et al., 2004; Bendick et al., 2006; Hreinsdottir et al., 2009 , to name only a few]. GPS methods to determine crustal deformation can be used to address many of the outstanding questions concerning continental rifting processes. For example, does active continental rifting prior to full-blown seafloor spreading occur over a broad region, and if so, how does it eventually coalesce into a narrow zone of seafloor spreading [e.g., Taylor et al., 1999] ? How much of the rifting is accommodated by faulting versus magmatism, and what role does lower crustal flow play [e.g., White and McKenzie, 1989; van Wijk et al., 2001; Buck, 2006 Buck, , 2007 Little et al., 2011; Bialas et al., 2010] ? Why do some extensional regions experience asymmetric rifting, with development of weak, low-angle faults, and core complexes, while others are more symmetric and contain an abundance of steeper-dipping, lower displacement normal faults? How much of the overall extension budget at different locations is accommodated by deformation in the upper versus the lower crust? Although many studies treat continental breakup as a two-dimensional process, what role does the third dimension play in propagation of rifting and seafloor spreading [e.g., van Wijk and Blackman, 2005; Ellis et al., 2011]? Extension in the Woodlark Basin in southeastern Papua New Guinea accommodates northward motion of the Woodlark Plate relative to the Australian Plate. In the eastern Woodlark Basin, well-developed seafloor spreading has been ongoing for at least the last 3.6 Ma, and probably longer (east of 151.5 E) [Taylor et al., 1999] , while in the western portion (e.g., the Woodlark rift; west of 151.5 E), active continental rifting has not yet given way to seafloor spreading ( Figure 1 ). As well as exemplifying recent along-strike continental breakup, a key aspect of the Woodlark Rift is that this zone of continental extension has hosted exhumation of the world's youngest known Ultra-High Pressure (UHP) rocks [e.g., Baldwin et al., 2004 Baldwin et al., , 2008 Gordon et al., 2012] . This makes the Woodlark Rift the only place on Earth where one can quantify the tectonic boundary conditions associated with active UHP rock exhumation, as all other well-studied UHP terranes on earth were exposed many tens of millions of years ago [e.g., Hacker, 2007; Epard and Steck, 2008; Stearns et al., 2013] . Moreover, the Woodlark Rift is known to be the site of active, low-angle normal faulting (LANF) [Abers et al., 1997; Abers, 2001; Spencer, 2010; Colletini, 2011; Daczko et al., 2011] . GPS provides an opportunity to constrain slip rates on active LANFs. Here, we show results of a network of 40 campaign GPS sites in the Woodlark Rift region measured between 2009 and 2012, augmented by some earlier measurements (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) at several of the sites. The GPS results reveal the detailed distribution of deformation within the continental portion of the Woodlark Rift, as well as the kinematics of microplate rotation and rates of modern-day rifting across the region. Rates of rifting from the GPS network are approximately half to twothirds of the seafloor spreading rates determined from magnetic anomalies. The GPS results show that individual normal faults are slipping at rates on the order of 10-19 mm/yr-the fastest such rates for active normal faults documented anywhere in the world [cf. Mousloupolou et al., 2009] .
Tectonic Setting
The Australian and Pacific Plates converge obliquely at 10-11 cm/yr across the Papua New Guinea (PNG) region ( Figure 1 ). As a consequence of the rapid and complex nature of the plate interactions there, PNG Figure 1 . Tectonic setting of the Woodlark Rift. Basemap modified from Fitz and Mann [2013a] . Red vectors show rotation of the Woodlark Plate and Trobriand Block about poles of rotation from this study (poles shown on left-hand side, labeled). Earthquake focal mechanisms for the Woodlark Rift from are shown for events shallower than 50 km, from 1976 to present (Global CMT Project) Ekstrom et al., 2012] . Lines labeled 1, 2, and 3 near the D'Entrecasteaux Islands show the locations of the structural profiles used by Fitz and Mann [2013a] that are discussed in section 5. has been fragmented into an array of microplates that are rapidly rotating with respect to one another [Tregoning et al., 1998; Wallace et al., 2004] . One of these is the Woodlark Plate, which comprises much of SE PNG; the Woodlark Plate rotates counter clockwise relative to the Australian Plate about a nearby pole of rotation ( Figure 1 ) [Taylor et al., 1999; Tregoning et al., 1998; Wallace et al., 2004] . Seafloor spreading has occurred in the eastern Woodlark Basin (east of 151.5 E) at rates >20-60 mm/yr since 6-3.6 Ma, whereas the onset of continental rifting in the region is suggested by some to have begun slightly earlier, 8 Ma [Taylor et al., 1999; Taylor and Huchon, 2002] . The western, continental portion of this zone of extension is called the Woodlark Rift, and today it undergoes lower rates of extension (<10-20 mm/yr; Tregoning et al., 1998; Wallace et al., 2004] than the seafloor spreading portion to the east (the Woodlark Spreading Center) [Taylor et al., 1999] .
Several key features define the western Woodlark Rift as continental: (1) crustal thicknesses >20-30 km in the center of the rift [Abers et al., 2002] , (2) P wave velocities of 5.6-6.9 km/s at 10-25 km depth [Ferris et al., 2006] indicating crust of a bulk felsic to intermediate composition, (3) a volumetric dominance of quartzofeldspathic lithologies and granitoids in the surface geology [Davies and Warren, 1988; Little et al., 2007 Little et al., , 2011 Little et al., , 2013 Davies, 2012] . Some mafic rocks are found in the continental rift, but they are not volumetrically significant. The Woodlark Rift contains several Metamorphic Core Complexes (MCCs), including eclogitebearing gneiss domes of the D'Entrecasteaux Islands (DEI, Figure 1 ), as well as active volcanic centers and normal faults [Smith and Davies, 1976; Abers et al., 1997; Taylor and Huchon, 2002; Little et al., 2007 Little et al., , 2011 Fitz and Mann, 2013a] .
A large portion of the continental rifting in southeast PNG is accommodated by slip on normal faults, most of them submerged or bounding the flanks of the up to 2.5 km high, subaerially exhumed gneiss domes of the D'Entrecasteaux Islands (Figure 4 ) [Hill, 1994; Fitz and Mann, 2013a; Little et al., 2007 Little et al., , 2011 . The Mai'iu Fault (also called the Owen Stanley Fault by Fitz and Mann [2013a] ) is part of the Owen Stanley Fault Zone and separates the Australian Plate derived Owen-Stanley metamorphics (and some ophiolitic rocks that rest structurally above them), to the SW, from Woodlark Plate rocks that consist of Cretaceous-Paleogene ophiolitic and arc-related basement rocks, and their Neogene-Recent sedimentary and volcanic cover, to the NE. It is thought to be the most active fault in the Woodlark Rift (Figure 1 ). The Mai'iu Fault extends along the Geochemistry, Geophysics, Geosystems southern margin of the rift from the Dayman Dome for >100 km to the southeast, along the south side of Goodenough Bay (Figures 1 and 2 ) [Smith and Davies, 1976] . Given its high rainfall, mountainous setting, the 25 km width, >2800 m height, and smooth, domal, and corrugated nature of the scarp exhumed along this fault are evidence of rapid and very recent exhumation along an active normal fault [e.g., Ollier and Pain, 1980; Spencer, 2010; Fitz and Mann, 2013b] . Uplifted Pleistocene coral reefs along the south coast of Goodenough Bay on the footwall of the Mai'iu/Goodenough Bay Fault indicate footwall uplift rates of 1-4 mm/yr (increasing to the NW) [Fitz and Mann, 2013b] (F. Taylor, personal communication, 2013) , whereas up to 5 km of Pliocene-Recent sediments downdropped and back-tilted immediately offshore of the trace indicate hanging wall subsidence [Fitz and Mann, 2013b] -observations that are also consistent with slip rates on this fault being high, at least several mm/yr or more.
The Cenozoic geological history of southeastern PNG region is complex. Most of the Papuan Peninsula and D'Entrecasteaux Islands are composed of the Papuan Orogen, which evolved during Paleogene collision between the Australian continent and an island arc terrane to the north [Davies and Jaques, 1984; van Ufford and Cloos, 2005] . During this collision, the Papuan Ultramafic Belt (PUB, Figure 1 ) was obducted southwestward onto the subducting Australian Plate (Owen Stanley Metamorphics), beginning by 58 Ma [Lus et al., 2004] . Collision continued until the early Miocene, based on Ar/Ar and K/Ar ages on amphibole and white mica in the Owen Stanley metamorphics in the Papuan Peninsula being as young as 24-22 Myr [Davies and Jaques, 1984; Davies and Williamson, 1998 ]. It is less clear what happened following the cessation of arc continent collision. Many workers have suggested that southward subduction of the Solomon Sea oceanic lithosphere initiated on the Trobriand Trough ( Figure 1 ) [Davies et al., 1987; Taylor et al., 1999; Taylor and Huchon, 2002] , leading to the Miocene onset of arc volcanism across the Papuan Peninsula and D'Entrecasteaux Islands [Dow, 1977; Smith, 1982; Smith and Milsom, 1984; van Ufford and Cloos, 2005] . There is little to no evidence for active subduction (or a subducted slab) at the Trobriand Trough today [Abers and Roecker, 1991; Kirchoff-Stein, 1992; Hall and Spakman, 2002; Abers et al., 2002] , indicating that if subduction at the Trobriand Trough occurred in the past, it likely ceased sometime in the Miocene or Pliocene.
Stratigraphic evidence from drill holes for a widespread marine inundation at 8.4 Ma has been cited to mark the onset of Woodlark rifting [Taylor et al., 1999; Taylor and Huchon, 2002] . Seafloor spreading began in the eastern Woodlark Basin by 6 Ma, and has propagated westward at a rate of 140 km/Myr [Taylor and Exon, 1987] . The current tip of seafloor spreading is located at 151.5 E, near the Moresby Seamount ( Figures 1 and 4 ) [Taylor et al., 1999] . There is a strong change in seismic velocities on either side of the current rift tip, consistent with slower continental crust west of the tip, and faster oceanic crust east of it, suggesting that the transition from continental rifting to seafloor spreading occurs over a very narrow zone [Ferris et al., 2006] . Shear wave splitting to image anisotropy beneath the continental portion of the rift shows that fast directions are parallel to the extension direction, similar to what is observed at mid-ocean ridges, and in contrast to other continental rifts that tend to have rift axes parallel to fast directions [Eilon et al., 2014] . Eilon et al. [2014] suggested that the magnitude of extension in the continental portion of the Woodlark rift has been large enough to produce a mantle fabric similar to that of mid-ocean ridges, in contrast to less extended continental rifts elsewhere.
Between 6 and 0.5 Ma, most of the Woodlark seafloor spreading can be described by a pole of rotation at 147 E, 9.3 S, with anticlockwise rotation of the Woodlark Plate relative to the Australian Plate at a rate of 4.23 /Myr (Figure 1 ) [Goodliffe, 1998; Taylor et al., 1999] . Goodliffe et al. [1997] document a reorientation of spreading center segments at 80 ka, in response to a shift in the Euler pole for Woodlark-Australia spreading at 0.5 Ma. Based on magnetic anomalies, the 0.5 Ma to present Euler pole for Woodlark spreading is southwest of the earlier rotation pole, near 144 E, 12 S, with a slower anticlockwise rotation rate of 2.4 /Ma [Goodliffe, 1998] , producing total spreading rates of 4 cm/yr near 152 E, increasing to 5.6 cm/yr near 156 E in the eastern Woodlark Basin.
Gneiss domes in the D'Entrecasteaux Islands (Figure 1 ) contain the world's youngest Ultra-High Pressure (UHP, eclogite-facies) rocks. In these domes, eclogite-facies assemblages have been dated at 5-8 Ma; and retrogressive, amphibolite-facies assemblages at 2.5-3.5 Ma-results that indicate exhumation at rates of 2-3 cm/yr from >40 to 90 km depths [Baldwin et al., 2004 Gordon et al., 2012] . The UHP terranes were derived from a previously thinned, and mostly Cretaceous age part of the Australian margin that was subducted northeastward beneath the Papuan ophiolite and arc during the Papuan collision [Davies and Jacques, 1984 Miocene to Pliocene ages of metamorphic crystallization and exhumation in the UHP rocks are much younger than the Early Miocene cessation of Australian margin subduction after the Papuan arc-continent collision . Models to explain the exhumation of the UHP rocks in SE PNG include: (1) a prolonged reversal of slip along a preexisting, shallowly dipping thrust contact between the Papuan Ultramafic Belt (PUB) and the UHP continental margin rocks [e.g., Webb et al., 2008] ; or (2) buoyancy-driven ascent of deeply subducted, partially molten continental fragments that rose nearly vertically as diapirs toward the overlying thinned crust of the Woodlark Rift, ultimately to be emplaced into the upper crust of that rift as gneiss domes by 1.8-2.0 Ma Ellis et al., 2011; Gordon et al., 2012] . The latter model echoes the suggestion of Martinez et al. [2001] that the gneiss domes were emplaced in the crust via a diapiric, buoyancy-driven process. Today, the exhumed gneiss domes are flanked by active normal faults such as the Wakonai and Mwadeia faults. These are clearly active structures as indicated by the dramatic alignment of faceted spurs along their scarps, and other geomorphic evidence [Hill, 1994; Little et al., 2007 Little et al., , 2011 Miller et al., 2012] . We processed the GPS data using GAMIT/GLOBK software [Herring et al., 2010a [Herring et al., , 2010b . The procedure used in this type of analysis has been reviewed extensively in Feigl et al. [1993] , Herring et al. [1990] , McClusky et al. [2000] , and Tregoning and Watson [2009, 2011] . For the first stage of the processing, we estimate station coordinates of a regional network, the zenith delay of the atmosphere at each station, and orbital and earth orientation parameters (EOP's) using doubly differenced GPS phase observations. All of these parameters are loosely constrained in this step. We also account for ocean tidal loading (from Onsala Space Observatory, http://froste.oso.chalmers.se/loading/) and atmospheric loading (nontidal plus S1 and S2 tidal effects 
a Sites with a * are sites installed and observed prior to 2009 by Australian National University.
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V C 2014. American Geophysical Union. All Rights Reserved. [Tregoning and Watson, 2009] ) in the processing. We use Vienna Mapping Function (VMF1) in our determination of atmospheric delay [Boehm et al., 2006] . In the processing, we also included GPS data from several long-running International GPS Service (IGS) sites in the Australia/Pacific region, in order to link our network with the IGS network of sites.
To calculate site positions and velocities in a consistent reference frame (ITRF2008) [Altamimi et al., 2011] , we use our solutions (EOP's, orbital parameters, and coordinates and their covariances) from GAMIT, and solutions (performed by MIT, as part of their processing for the International GNSS Service) of the global IGS network. These solutions are combined using GLOBK (a Kalman filter) [Herring et al., 2010b] . To align our network with ITRF2008, we place tight constraints on the ITRF2008 velocities of 46 core IGS sites and estimate a rotation and translation to align our solutions with ITRF2008. Table 1 frames, with uncertainties estimated from the time series. Errors in campaign GPS site velocities are often underestimated [Mao et al., 1999] , due to various sources of unmodeled noise. To account for this, we multiply all our formal errors (output by GLOBK) by a factor of 1.5. To calculate the velocities relative to Australia, we solve for a rotation of the data set (e.g., an angular velocity describing rotation of our realization of ITRF08 relative to the Australian Plate) that minimizes the velocities at Australian Plate sites (Table 1) . Time series of a few representative examples of the PNG campaign GPS sites are shown in Figure 3 .
It is possible that some of the Australian National University campaign sites that underwent observations prior to 2009 (LOS2, GUA1, ALT2, ESAA, SALM, RABA, VIVI, and WATL) were displaced coseismically by (a) the 16 November 2000 Mw 8.0 New Ireland, Papua New Guinea earthquake, 500-800 km from our GPS network, and (b) 1 April 2007 Mw 8.1 Solomon Islands earthquake, on the San Cristobal and New Britain Trenches 500-900 km from our network [e.g., Taylor et al., 2008a Taylor et al., , 2008b Furlong et al., 2009] . The GPS site time series at these sites are not temporally dense enough to reliably estimate and remove the coseismic offset from either the 2000 or the 2007 earthquake, if there was any. To assess possible coseismic displacements of the earlier campaign sites due to the large, distant earthquakes, we use calculations for our sites from Tregoning et al.
[2013] (see also for the Great earthquake calculator online: http://rses.anu.edu.au/geodynamics/Great_earth-quake_deformation/). Tregoning et al. [2013] model estimates of static co-seismic deformation in global great earthquakes since 2000, using a spherical layered model [Pollitz, 1996] . Surface deformation is calculated assuming the PREM elastic stratification [Dziewonski and Anderson, 1981] , with a spherical harmonic expansion from degrees 1 to 1500. From these calculations at each of the pre-2009 campaign sites, we find that the impact of the 2007 Solomon Islands on most of the pre-2009 campaign GPS sites is negligible (<a few mm total displacement), with the exception of GUA1 and LOS2, which are the sites closest to the 2007 earthquake. LOS2 and GUA1 are also the only sites where we use pre-2000 data, so we correct for both the 2007 and the 2000 earthquake in our estimation of the velocities at those two sites. For the 2007 earthquake, the magnitude of the correction of GUA1 is 8.7 cm, while the correction at LOS2 (which is further from the earthquake) decreases to 1.6 cm. For the 2000 earthquake, we correct GUA1 and LOS2 by 1.3 cm.
Interpretation of the GPS Results
Overall, the GPS results from sites in the Trobriand Islands (KAWA, LOS2, VAKU), Woodlark Island (GUA1), Egum Atoll (YANA), and Cape Nelson (TUFI, TUF1, WANI) are consistent with anticlockwise rotation of the microplate north of the Woodlark Basin (Figures 1 and 2 ), as suggested by previous studies [Tregoning et al., 1998; Wallace et al., 2004] . The small vectors at sites on the Papuan Peninsula mainland suggest that the Papuan Peninsula has motion similar to the Australian Plate, while the fast northward motion (>10 mm/yr) of sites in the D'Entrecasteaux Islands suggest a large amount of extensional deformation is being accommodated within Goodenough Bay. Relatively slow velocities of sites on Normanby Island suggest that most of the extensional deformation in that area (east of 150.75 E) is being accommodated offshore to the north of Normanby Island, in the Dawson Strait, and further east in the area of the Moresby Seamount, where there is a well-expressed 30 dipping fault that has accommodated 8 km of normal-slip since the Pliocene [Taylor and Huchon, 2002; Speckbacher et al., 2011] . This fault also coincides with the majority of magnitude 5 and larger earthquakes in the region, indicating that it is significantly active [Abers et al., 1997] .
To jointly interpret the GPS velocities and additional kinematic data (transform orientations and earthquake slip vectors), we use an elastic block modeling program, DEFNODE, developed by McCaffrey [2002] . This approach allows us to invert GPS velocities, active fault slip rates and slip azimuths, and earthquake slip vectors for poles of rotation of elastic crustal blocks and the degree of interseismic coupling on faults bounding the crustal blocks. Such an approach is important to use in a place like southeastern PNG, where the GPS velocity field is strongly influenced by rapid block rotations [Tregoning et al., 1998; Wallace et al., 2004] , as well as possible elastic strain related to interseismic coupling on faults in the region. DEFNODE applies simulated annealing to downhill simplex minimization [e.g., Press et al., 1989 ] to solve for the angular velocities of the specified tectonic blocks and coupling coefficients for faults between the blocks. We minimize data misfit, defined by the reduced chi-squared statistic (v 2 n ). The method also allows us to optimally rotate multiple GPS velocity solutions into a common reference frame.
The short-term (interseismic) slip rate within a few tens of kilometers of most faults is considerably less than the long-term slip rate expected from the relative motion of the adjacent tectonic blocks. This slowing is Geochemistry, Geophysics, Geosystems due to elastic strain buildup within the crust adjacent to the fault caused by the friction (sometimes called ''locking'' or ''coupling'') between the two sides of the fault. For our purposes, we refer to a purely kinematic quantity we call the ''coupling coefficient,'' /, to describe the process whereby friction causes the fault to be stuck for long periods. If / 5 0, the fault is creeping at the full long-term slip rate and if / 5 1 there is no creep in the interseismic period (i.e., the fault undergoes complete interseismic locking). The relative motion (slip) vector on the faults (V) is determined by the Euler vectors describing the motions of the blocks on either side of the fault. The slip rate deficit vector on the fault is the scalar coupling value / multiplied by the relative motion vector V between the two blocks at a given fault point. The elastic contribution to the velocity field from the fault slip rate deficit is calculated using a back-slip approach to elastic dislocation modeling [Savage, 1983] , using the formulations of Okada [1985] for surface displacements due to dislocations in an elastic half-space.
We divide southeastern PNG into multiple tectonic blocks based on the locations of known, active faults (Figures 1 and 4) . However, we note that large portions of the blocks we show in Figure 4 are submerged beneath the sea (such as the Goodenough Bay Block), and the independence and detailed kinematics of some of these blocks is impossible to determine with the land-based GPS on its own (see section 4.3). One of the primary fault systems that we use as a block boundary is the Mai'iu Fault, which most researchers suggest is the primary plate boundary fault in the region [e.g., Fitz and Mann, 2013a; Little et al., 2007; Spencer, 2010; Dazcko et al., 2011] . We also use active normal faults identified on the northern flanks of Goodenough and Fergusson Islands, as well as likely active features on the south coast of Fergusson [Little et al., 2007] ; the Goshen Strait Fault zone south of Normanby Island [Mutter et al., 1996; Little et al., 2007; Fitz and Mann, 2013a] ; a transfer structure cross-cutting Normanby Island [Little et al., 2007] ; and a transfer fault on the east flank of Normanby Island [Benes et al., 1994; Little et al., 2007] . Seismic reflection data show significant active extensional deformation observed on normal faults within Goodenough Bay on the Goshen Fault Zone [Mutter et al., 1996; Fitz and Mann, 2013a] (Figure 4) , and therefore internal deformation of our Goodenough Bay Block is likely. However, there are no GPS sites within Goodenough Bay, so it is not possible to determine the partitioning of deformation among the faults of the Goshen Fault Zone. Slip rates that we obtain for the southern boundary of the Goodenough Bay Block are total slip rates representative of the entire zone of faults within Goodenough Bay. We also note that if the normal faults on the north flank of the D'Entrecasteaux Islands accommodate significant extensional deformation, a kinematic issue arises in terms of transferring that deformation to the Mai'iu Fault in the Papuan Peninsula further west, which appears to be the primary feature accommodating plate motion west of 150 E. There is no evidence for substantial active extension within the Trobriand Platform north of 9 S [Fitz and Mann, 2013a] . We suggest that normal faults such as those that have been mapped west of Goodenough Island and North of Cape Vogel (Figure 4 ) Mann, 2013a, 2013b] help to accommodate this westward transfer of deformation to the Mai'iu Fault, and we include a boundary between the Goodenough Bay Block and the Trobriand Block here. A regional seismicity study by Dieck et al. [2013] also reveals a distinct zone of shallow microseismicity coinciding with this boundary projecting from Cape Vogel to Goodenough Island. Their shallow seismicity distribution also follows the dome-bounding faults, and agrees well with the boundaries we have defined for the D'Entrecasteaux Islands Block. In section 4.3, we will test for independence of these crustal blocks. For the faults in our block model (Figure 4 ), we solve for coupling coefficients at nodes on the fault. In most cases, we treat several adjacent fault nodes as a single parameter. Thus, for all of the faults in our southeast PNG model, free parameters for interseismic coupling are typically reduced to 1-3 for each fault, depending on the length of the fault.
We also acknowledge that due to the diffuse nature of much of the extensional deformation observed in the continental portion of the Woodlark Rift (Figures 1 and 4 ) a tectonic block approach is certainly not a perfect way of interpreting the GPS velocities. Rather, we employ this approach to (1) place some constraints on where, and at what rates, the bulk of the extensional deformation occurs, (2) to understand the kinematics of how deformation is transferred from the seafloor spreading area to the continental rifting region, and (3) to better constrain the kinematics of crustal block rotations across the Woodlark Basin region.
Additional Kinematic Data Used
In addition to the GPS velocities, we also use kinematic data such as earthquake slip vectors and transform fault orientations. The earthquake slip vector and transform orientation data give us information about the Geochemistry, Geophysics, Geosystems relative motion between the blocks, and help to constrain poles of rotation. For the earthquake slip vectors, we use earthquakes from Abers et al. [1997] , as well as shallow earthquakes from the Global CMT project Ekstrom et al., 2012] . We only use shallow earthquakes (<35 km deep) from both of these data sets. For the slip vector calculations, we use the focal planes that are consistent with known active faults in the area. We assume uncertainties of 20 for the earthquake slip vectors. The transform orientations are from the latest phase of rifting (e.g., the last 80 kyr) from Goodliffe et al. [1997] . Figure 5d shows the slip vector and transform fault directions used in our study (red arrows). The transform and slip vector orientations are particularly useful to help constrain the motion of the Woodlark Plate, which does not contain any GPS sites.
Preferred Elastic Block Model Results
Our preferred block model consists of six crustal blocks (in addition to the Australian and Pacific Plates): the Woodlark Plate, the Trobriand Block, the Goodenough Bay Block, the Papuan Peninsula Block, the D'Entrecasteaux Block, and the Normanby Block ( Figure 5 ). We also invert for locking on faults bounding these structures (Figure 5b ). The v 2 n 5 1.39 in our best fitting model. The Woodlark, Trobriand, D'Entrecasteaux, and Normanby blocks are rotating anticlockwise at a rapid rate (2-3 /Myr) ( Figure 5c and Table 3 ). The poles of rotation are located near the western termination of the rift (Figure 5c ). In contrast, the Goodenough Bay Block appears to be rotating in a clockwise fashion (at 0.9 /Myr) about a pole east of the rift (Figure 5c and Table 3 ), producing an eastward decrease in slip rates on the Mai'iu Fault north of the Papuan Peninsula. This eastward decrease in slip rates is consistent with the observation of eastward decreasing coastal uplift rates in the footwall of the fault [Fitz and Mann, 2013b] (Figure 4 , white contours), and with the more subdued topographic expression and decreased relief of the fault scarp in that direction [Spencer, 2010] .
Overall, our best fitting model is consistent with the idea that the rates of rifting are highest in the eastern Woodlark Basin (up to 34.8 6 3 mm/yr), and decrease westward to 17 6 1 mm/yr near 152 E, and (Figure 5d ). For the Nubara Fault (Figure 1 ), we estimate a right-lateral slip rate of 8-9 mm/yr, largely constrained by the plate motion budget imposed by the Trobriand Block in addition to the kinematic constraints from earthquake slip vectors. In the continental portion of the rift, and particularly in the region of UHP rock exhumation in the D'Entrecasteaux Islands, deformation is more complex and broadly distributed, with total rates of rifting on the order of 13-16 mm/ yr. In our best fitting block model results, between 150 E and 151 E, nearly equal portions of the plate motion are partitioned between structures surrounding the D'Entrecasteaux Islands and Mai'iu Fault (e.g., 4-7 mm/yr on each system; Figure 5c ). In our best fitting model, we estimate 4 6 2 mm/yr of right-lateral strike slip on the transfer structure inferred to cross-cut Normanby Island [e.g., Little et al., 2007] . However, we note that while Little et al. suggested at least some finite left-lateral slip on this structure, our results require contemporary right-lateral slip. Structures east and south of Normanby appear to have low rates of activity (<1 mm/yr) in the best fitting model.
We treat the Papuan Peninsula and some of the islands south of the Woodlark Basin as a single block (the Papuan Peninsula Block). We have only one GPS site south of the spreading center (STRA), so the eastward extent of this block (beyond STRA) cannot be defined with existing data. However, the sites on the Papuan Peninsula and STRA can be fit well with a single pole of rotation. Slow northward motion (1-2 mm/yr) of the GPS sites on the Papuan Peninsula (Figures 2 and 5 ) suggest that there may some ongoing, slow extension (<1-2 mm/yr) between the Papuan Peninsula and Australia, possibly occurring in the Aure Trough (Figure 1) . More rapid northward motion of GPS site STRA (Figure 2) suggests that up to 4 mm/yr of extension may be distributed across the Pocklington Rise and Graben to the south of the Woodlark Spreading Center, at least in the region of 152 E. To the west, our Papuan Peninsula/Australia pole suggests slow (less than a few mm/yr) contraction between Australia and the Papuan Peninsula (west of 148 E), which we suggest may also be accommodated in the Aure Trough south of PNG. To better constrain the style and rate of possible slow deformation between the southern PNG and Australia, installation of additional GPS sites throughout the Papuan Peninsula and Pocklington Rise area is needed.
Based on their low interseismic coupling coefficients, the majority of the faults in our best fitting model appear to be mostly aseismically creeping (Figure 5b) , with the possible exceptions of the shallowest portion of the Mai'iu Fault, and the fault flanking the northern side of Goodenough Island, although we note that locking on many of these structures is not well constrained due to the configuration of the GPS network. Given that the faults in our best fitting inversions appear to be mostly aseismically creeping, we also run an inversion with no fault locking at all (inverting for poles of rotation only), and obtain a v 2 n 5 1.63 (compare to our preferred model with some fault locking that has a v 2 n 5 1.39). The similarity in fit to the data for models with fault locking versus those without fault locking suggests that the GPS data do not require a large amount of elastic strain due to interseismic coupling on faults in the region to produce a statistically significant improvement in fit to the data (see also Table 4 ). This result implies that: (1) faults in the continental portion of the rift are dominated by aseismic creep, and/or (2) that the current network configuration is not well suited to capturing interseismic fault coupling. The historical rates of seismicity in the Woodlark rift are low, much less than that expected from the overall plate motion budget [Abers et al., 1997] , which is compatible with the possibility that most of the overall plate boundary deformation in the continental portion of the rift is accommodated aseismically. This result suggests that seismic hazard in the southeast PNG region may be lower than expected based on the total relative plate motion that occurs there. However, a denser GPS network is needed to confirm this.
We treat the Solomon Sea Plate as part of the Trobriand Block in our preferred model (and all other models presented here), under the assumption that the Trobriand Trough is no longer active. However, we cannot test whether or not this is true as there are no GPS sites on the Solomon Sea Plate (it is submarine). Furthermore, there are not enough historical earthquakes on the Trobriand Trough structure (Figure 1 ) to help constrain the sense of relative motion between the Trobriand Block and a separate Solomon Sea Plate, if indeed they are separate tectonic plates. In section 5.4, we discuss other lines of evidence suggesting that the Trobriand Trough no longer accommodates active subduction.
Tests for Block Independence
To quantify the uniqueness of our results, and to what degree we have confidence in our fault slip rate estimates and microplate kinematics for the southeast PNG region, we have conducted additional block model inversions using a suite of alternative configurations (Table 4 ; results from some examples are shown in Figure 6 ) to compare the results with our preferred model. In general, we have tried scenarios that combine different tectonic blocks into single, composite blocks to test if they are independent from each other, hence allowing us to test if the GPS data require particular fault systems to be active. In some cases, we can confidently rule out particular scenarios-for example, the scenario where the Trobriand Block, Goodenough Bay, and D'Entrecasteaux blocks are part of a single composite block-we can say at 99% confidence that this scenario is not valid. This result confirms that the GPS data require deformation on faults within and surrounding the D'Entrecasteaux Islands, and that the Mai'iu Fault is not the only active fault system in the continental portion of the rift. Other models, such as the one where we combine the D'Entrecasteaux and Goodenough Bay blocks (Figure 6a) , and allow internal strain of those blocks produce a poorer fit (v 2 n 5 1.62) than our best fitting model (v 2 n 5 1.39); when we conduct an F test there is an 88% chance that separating the Goodenough Bay and D'Entrecasteaux blocks produces an improved fit to the data. Based on the F test results, one of the scenarios that we are the least certain about is if the Normanby and Goodenough Bay blocks are two separate blocks-there is only a 54% chance that they are separate. This has implications for whether or not the transfer structure cutting through Normanby Island [Little et al., 2007] is active or not. In the case, where the Normanby and Goodenough Bay blocks are a single block (Figure 6b ), this requires dextral strike slip to occur on the north-south trending structure to the east of Normanby Island, together with increased extension rates on the Goshen Strait Fault Zone to the south of Normanby Island (both boundaries must slip at 4 mm/yr). Thus, it is difficult to determine with great confidence the slip rates on any of the structures bounding the Normanby Block using GPS data alone-rates could range from less than 1 mm/yr up to 3 mm/yr. As we discussed in the previous section, when we run models using the preferred block configuration, but with no locked faults in them (e.g., no elastic strain) we obtain an equivalent fit to the GPS data (compare models 1 and 2 in Table 4 ).
Discussion

Continental Rifting and Partitioning of Extensional Deformation Across SE PNG
Our GPS results indicate that continental rifting in the region of the D'Entrecasteaux Islands and Goodenough Bay is distributed over an 100 km wide region ( Figure 5 ). This is in contrast to the area north and east of Normanby Island, where the majority of the plate motion is accommodated in a narrow corridor that includes the Prevost Detachment fault [Little et al., 2007; Miller et al., 2012] and, farther to the NE, the active faults bounding Moresby Seamount [Taylor and Huchon, 2002; Goodliffe and Taylor, 2007; Speckbacher et al., 2011] . Deformation localizes to a greater extent east of 151.5 E where seafloor spreading occurs [Taylor al., 1999] . Our results show that at least half of the overall continental rifting budget is accommodated on faults that bound the gneiss domes of the D'Entrecasteaux Islands ( Figure 5 ). The remainder of the overall plate motion budget is transferred southward from the seafloor spreading center and the Moresby Seamount/Prevost Detachment faults into the southern half of Goodenough Bay, including onto the Goshen Fault Zone offshore and the Mai'iu Fault along the NE margin of the Papuan Peninsula [e.g., Little et al., 2007; Fitz and Mann, 2013a] . Right-lateral transfer structures, such as that inferred to cross-cut Normanby Island are critical to accomplish this southward transfer and broadening of rift-related deformation as it propagates into the continent. Clockwise rotation of the Goodenough Bay Block may also be a consequence of the southward transfer of deformation from the spreading center to the Mai'iu Fault. Clockwise rotation of the Goodenough Bay Block about a pole southeast of the Papuan Peninsula ( Figure 5 ) requires a westward increase in slip rate on the Mai'iu Fault, enabling transfer of much of the plate motion budget onto that fault system. A westward increase in slip rate on the Mai'iu Fault agrees well with a westward increase in Holocene coastal uplift rates on the south side of Goodenough Bay, adjacent to the fault ( Figure  4 ) [Fitz and Mann, 2013b] . Together with this clockwise rotation of the Goodenough Bay Block and westward increase in Mai'iu fault slip rate, there is a corresponding westward decrease in the amount of extension accommodated on the south side of the D'Entrecasteaux Islands. Thus, clockwise rotation of the Goodenough Bay Block accompanies (and facilitates) eventual localization of most of the plate motion budget onto the western Mai'iu Fault, a structure that bounds the rapidly exhuming Dayman Dome metamorphic core complex (Figures 4 and 5 ). This is similar to a conceptual model for partitioning of extensional deformation in the Aegean region developed by Goldsworthy et al. [2002] . They proposed that clockwise rotation of the tectonic block located between the Gulf of Evia and the Gulf of Corinth is produced by a westward decrease of rifting rates in the Gulf of Evia (analogous to rifting in the D'Entrecasteaux Islands), and a concomitant westward increase in rifting rates in the Gulf of Corinth (analogous to the Mai'iu Fault).
Total rates of north-south extension across the rift from GPS vary from 17 mm/yr near 151.5 E, decreasing to 13 mm/yr near 150 E. Fitz and Mann [2013a] and Kington and Goodliffe [2008] conducted structural reconstructions of north-south oriented seismic profiles across the rift (see Figure 1 , for profile locations) to determine finite upper crustal extensions in the region over the last 8.4 million years and compared these with estimates of middle/lower crustal extension from subsidence data along the profiles. Kington and Goodliffe [2008] obtained brittle extension estimates of 111 km along a transect crossing the Moresby Seamount (see Figure 1 , for transect locations), while the subsidence data similarly predicts 115 km of extension. At the current GPS extension rates of 17 mm/yr for that portion of the rift (Figure 5 ), it would take 6.5-6.8 Myr to accommodate this amount of extension, similar to the postulated age of the onset of rifting in the SE PNG region between 8.4 and 6 Ma [Taylor and Huchon, 2002] . Although 111-115 km of extension is 50% lower than that expected from Woodlark-Australia Euler Poles derived from seafloor spreading data in the Woodlark Spreading Center, the Woodlark-Australia Euler poles are not necessarily representative of plate motions in the continental portion of the rift, where tectonic blocks with different kinematics may be involved [e.g., Kington and Goodliffe, 2008] . Extension in the Moresby Seamount area reflects relative motion between the Trobriand Block and the Australian Plate, not Woodlark Plate/Australia relative motion.
Further west, Fitz and Mann [2013a] obtain larger discrepancies in extension rates from brittle extension, subsidence data, and our GPS-derived rates. In their Profile 1 (Figure 1 ), they estimate 2.3 km of upper crustal extension (from brittle faulting) compared to 20.7 km for the mid/lower crust (from subsidence data). Profile 2 yields estimates of 13.4 and 23.1 km for upper crustal and lower crustal extension (respectively), while Profile 3 suggests 6.3 km upper crustal and 23.6 km of lower crustal extension. Such discrepancies in upper versus lower crustal extension estimates [see also Kington and Goodliffe, 2008] led Little et al. [2007] and Fitz and Mann [2013a] to conclude that the lower crust is weak and has flowed outward from beneath the mountainous rift margins to advance beneath the Woodlark Rift into the Trobriand Platform and Goodenough Basin, and beneath the D'Entrecasteaux Islands, with this lower crustal material eventually being exhumed to the surface in the gneiss domes of the D'Entrecasteaux Islands. We compare the total extension estimates of Fitz and Mann [2013a] determined from GPS along these profiles (12 mm/yr on profiles 2 and 3), it would take 3.2-4.0 million years to accommodate these magnitudes of total upper crustal extension on these profiles at modern-day rates. That all of this extension may have occurred in the last 3-4 million years is consistent with the 2.4 Ma age of final ductile deformation on the Mailolo Dome on Fergusson Island, and the 1.8-2.0 Ma timing of final emplacement of that gneiss dome into the upper crust [see Little et al., 2011; Gordon et al., 2012] . If the crustal extension was instead distributed over a longer time interval extending as far back as 8.4 Ma, then it would indicate a mean extension rate of 4.6-5.6 mm/yr; which is three times slower than our measured modern-day rate.
There are three options to explain the difference in extension rates determined from GPS and geological methods [Fitz and Mann, 2013a] : (1) the extension rates in the Goodenough Bay and D'Entrecasteaux Islands region were much lower in the past, and have only recently increased to their current fast rates in those locations in the last few Myr; (2) that the total extension that has occurred in the southeastern PNG region, especially prior to 3 Ma, has been under-estimated geologically; or (3) some combination of both scenarios. Normal faults have been imaged further to the south of Goodenough Bay, in the Milne Bay Graben and in the Pocklington Basin, although little is known about the timing and magnitude of extension accommodated by these features. It is possible that some portion of the current GPS extension budget was accommodated on these more southerly features earlier in the rifting history (Option 2), and that deformation has become progressively localized northward into the Goodenough Bay and D'Entrecasteaux Islands regions as rifting has progressed. Recent paleomagnetic data [Cairns et al., 2013] supports this model-with data recording an anticlockwise rotation of Miocene rocks on the southern side of the SE Papuan Peninsula relative to the Australian Plate, requiring extensional deformation south of the Papuan Peninsula since the Miocene. However, we also note that Fitz and Mann [2013a] reconstruct 3-4 km of extension on the Mai'iu Fault (referred to as the Owen Stanley Fault in that paper), largely based on seismic reflection data from the hanging wall that does not extend far enough south to image the fault itself or the footwall. This fault is probably developing via a rolling-hinge mechanism [Spencer, 2010] , so reconstructions based purely on the magnitude of hanging wall subsidence will severely underestimate the total extension accommodated by the fault [e.g., Lavier and Manatschal, 2006] . The exhumed width of the scarp on the footwall suggests >20 km of additional extension. Moreover, Reston [2007] demonstrates that magnitudes of upper crustal extension observed at many rifted margins may be severely underestimated due to unrecognized polyphase faulting and flexural rotation of slip surfaces to follow the top of the basement. Thus, upper crustal extension rates in Fitz and Mann [2013a] are likely underestimated for the post 8.4 Ma period.
We note that on Profile 1 (Figure 4 ) Fitz and Mann [2013a] require 2.3 km of extension since 8.4 Ma within a small graben south of the offshore Goodenough High (e.g., to the west of Goodenough Island, and north of Cape Vogel; see Figure 4 ), and they also interpret a large basement block underlying the Goodenough High that they suggest is an offshore continuation of the Goodenough Island gneiss dome body. This body is 20 km wide, and diapiric intrusion of the body into the upper crust may thus have accommodated a further 20 km of crustal extension, leading to a total extension budget of 22.3 km on our inferred block boundary between Cape Vogel (the Goodenough Bay Block) and the Trobriand Block (Figure 5b ). At 5.8 mm/yr from our best fitting model (Figure 5b ), this could be accomplished in 3.8 Myr, or over 8.4 Myr at a steady rate of 2.7 mm/yr.
Evidence for High Slip Rates on Low-Angle Normal Faults
Rock deformation experiments predict that normal faults in frictional Mohr-Coulomb materials such as the upper crust should initiate at steep dips of 60-70 and that they should frictionally ''lock up'' at dips <30-
45
, depending on the static coefficient of friction [Axen, 2004] . The latter predictions are supported by the rarity of global earthquakes rupturing on normal faults dipping at 30 or less [Collettini, 2011; Collettini and Sibson, 2001] . However, observations of large-displacement low-angle normal faults in the geological record [Axen, 2004; Lister and Davis, 1989; Foster and John, 1999] suggest that low-angle normal faults can indeed accommodate significant plate boundary slip. Resolving this apparent mechanical paradox of the existence of low-angle normal faults remains at the center of a debate about the strength of mature faults [Rice, 1992; Collettini and Sibson, 2001; Holdsworth, 2004; Carpenter et al., 2011] . Southeast PNG is one of the best locations on Earth to investigate the mechanics of low-angle normal faulting given the evidence for low-angle normal faulting earthquakes in the Woodlark Rift [Abers et al., 1997; Abers, 2001] , and the well-expressed low-angle (<21 dipping at the surface) detachment fault surface exhumed at the Dayman Dome [e.g., Geochemistry, Geophysics, Geosystems
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V C 2014. American Geophysical Union. All Rights Reserved. Spencer, 2010] . Our GPS results help to place further constraints on the rate at which active low-angle normal faults are slipping.
Motion of the Trobriand Block and Goodenough Bay Block relative to the Papuan Peninsula in our best fitting model yields horizontal slip rates on the Mai'iu Fault of 7-9 mm/yr. There are no other known, active faults in that region, so we assume that the Mai'iu Fault is accommodating all (or most) of the Goodenough/Trobriand Block relative motion. The Mai'iu fault dips at 21 near its trace at the base of the Dayman Dome which rises to 2850 m high [Spencer, 2010] . The high slip rate we obtain for the Mai'iu fault of 7-9 mm/yr is consistent with the preservation (in a mountainous, high rainfall setting) of the remarkably smooth and striated Dayman Dome exhumed surface, which is a clear indication that the Mai'iu Fault is slipping very rapidly (Figure 2 ) [Spencer, 2010; Daczko et al., 2011] .
We obtain total extension rates of 17 mm/yr for the structures bounding the Moresby Seamount and the North Moresby Graben (Figure 5 ), which is well constrained by GPS measurements at sites on the Trobriand Block to the north, and at the GPS site on Strathord Island (STRA), to the south of the Moresby Seamount. Taylor and Huchon [2002] suggest 11.5 km of total horizontal extension on the Moresby Seamount (10 km) and north Moresby Graben (1.5 km), one-third of which occurred between 8.4 and 3.8 Ma. Assuming extension rates from GPS of 18 mm/yr, it would take only 425 kyr to accommodate the entire 11.5 km, if the modern-day budget of 18 mm/yr was accommodated at the Moresby Seamount and north Moresby Graben. Structures in the south Moresby Graben are thought to be largely inactive [Goodliffe and Taylor, 2007] , and it is likely that plate boundary deformation has largely coalesced onto the structures bounding the Moresby Seamount and the North Moresby Graben in more recent times. We expect that a focusing of deformation into the Moresby Seamount region may have accompanied the 500 kyr reorganization of Woodlark rifting kinematics.
Our new GPS data indicate that slip on active low-angle (20-30 dipping) normal faults (Moresby Seamount and Mai'iu faults) can occur at plate boundary rates that are on the order of 1 cm/yr. The Dayman Dome is the most pristinely expressed of about five active low-angle (<25 ) Metamorphic Core Complexes known to exist globally, and it is the only one forming as a ''primary'' rift fault rather than at a bend in a strike-slip fault system [Collettini, 2011; Spencer, 2010] . Other known, active low-angle normal faults in continental crust such as those in Italy, the western U.S., and the Aegean undergo slip at rates <3 mm/yr [Hreinsdottir et al., 2009; Niemi et al., 2004; Mouslopoulou et al., 2009] . The process(es) by which such highly misoriented faults may undergo slip remain unresolved. One way of enabling slip on LANFs is to make the fault extremely weak via either pore fluid overpressure and/or low coefficients of friction of the material in the fault zone [e.g., Sibson, 1990; Holdsworth, 2004] , and perhaps also promoting aseismic creep by a stable sliding process. Indirect support for the aseismic creep hypothesis has recently come from experiments on gouges from LANFs that indicate not only low frictional coefficients (<0.2-0.3), but also a velocity-strengthening behavior that is consistent with stable sliding rather than stick slip Ikari et al., 2012] . Alternatively, others have argued that maximum compressive stress at depth can rotate to an orientation favorable to LANF fault slip [e.g., Westaway, 2005] . Hreinsdottir et al. [2009] show geodetic evidence for aseismic creep of the Alto Tiberina fault in Italy, supporting the idea that slip on LANFs is promoted by extremely low effective normal stress. It is certainly possible that the Mai'iu fault also undergoes aseismic creep (similar to the Alto Tiberina fault), although our geodetic network is not sufficiently dense in the region of the Mai'iu fault to determine whether or not this is the case.
Implications for Ultra-High Pressure Rock Exhumation
The recognition of Ultra-High Pressure (UHP) rock terranes which have been exhumed from depths of 90-150 km beneath the Earth's surface have led to one of the most exciting questions in continental dynamics: How do these pieces of continental crust become deeply buried and then subsequently are exhumed? The world's youngest UHP terranes occur in the D'Entrecasteaux Islands and have been exhumed in the last 8-4 million years [Baldwin et al., 2004; Monteleone et al., 2007] . The D'Entrecasteaux Islands are an important locale to study the mechanism of UHP exhumation, as UHP terranes elsewhere in the world are several to tens of millions of years old, and the overall tectonic boundary conditions that brought them to the surface are not well understood.
Our GPS results record a strong localization of extension in the portion of the rift that hosts the exhumation of these youngest known UHP rocks. They indicate that total extension rates across the D'Entrecasteaux Geochemistry, Geophysics, Geosystems Islands range from 6 to 12 mm/yr (Figure 5b ). This natural laboratory provides compelling evidence that extensional processes can play a major role in the exhumation of UHP rocks [e.g., Hacker et al., 2000; Walsh and Hacker, 2004] , in contrast to other popular models that require collisional and/or subduction-related processes in conjunction with considerable erosion to exhume the UHP terranes [e.g., Chemenda et al., 1995] .
Two competing models have been proposed for UHP exhumation in the Woodlark Rift: (1) exhumation via buoyancy forces (the diapir model) Ellis et al., 2011] , and (2) unsubduction or ''eversion'' of a previously subducted slab via rapid normal faulting on a preexisting suture . In the diapir model, buoyant rise of a previously subducted fragment of continental crust occurs at the onset of rifting. Results from geodynamic modeling of the diapir process agree well with structural geological evidence for vertical ductile thinning (pure shear) in the gneiss domes and ductile flow perpendicular to the plate motion direction . The geodynamic models also produce localization of extension both off the axis of the rising UHP bodies and within the area of UHP exhumation and gneiss dome emplacement, which agrees well with our GPS results requiring extension in the area of UHP exhumation, as well as on the off-axis Ma'aiu Fault.
While it does not explain the current setting of the UHP rocks exhumed in discrete gneiss domes, the subduction eversion model argues that a suture that once accommodated subduction of the Australian margin beneath PNG has been reactivated as a normal fault, effectively ''unsubducting'' the Australian margin. To exhume the UHP rocks purely via fault slip in such a short period of time would require extension rates that are well in excess of 20 mm/yr to be focused on a single fault for up to 8 Myr. We observe 6-12 mm/yr of extension in the D'Entrecasteaux Islands with GPS today, much less than that required to exhume the UHP rocks via eversion. Moreover, the GPS results reveal that this extension is distributed across both sides of the islands ( Figure 5 ; see also F tests for models 1 versus 4 and models 1 versus. 7 in Table 4) , and not along a single dipping fault as required by the subduction eversion model. Thus, we contend that the GPS results are more compatible with the diapir model for UHP exhumation. Figure 7 shows total extension rates for the entire plate boundary inferred from the poles of rotation of Taylor et al. [1999] for the two most recent stages of rifting (3.6-0.5 Ma and 0.5 Ma to present), compared with the contemporary GPS rates (derived from the rotation of the Trobriand block relative to the Australian Plate) from our best fitting block model (e.g., Figure 5 ). We use Trobriand Block/Australian Plate relative motion for the GPS results because although we do not have GPS sites on the Woodlark Plate itself, the Trobriand block motion provides an upper boundary for possible modern-day seafloor spreading rates in the eastern Woodlark Basin. For example, if seafloor spreading rates in the Woodlark Basin are higher than the observed northward motion of the Trobriand Block allows, contraction between the two blocks would occur. Contraction is not observed anywhere in the rift, whereas right-lateral strike slip and extension is well documented along the Woodlark Plate/ Trobriand Block boundary from marine geophysical studies and earthquakes [Abers et al., 1997; Taylor et al., 1999; Taylor and Huchon, 2002; Taylor et al., 2008a Taylor et al., , 2008b ; e.g., Moresby Seamount and Nubara Fault; Figure 1 ].
Constraints on Contemporary Seafloor Spreading Rates at the Woodlark Spreading Center
Thus, using the Trobriand Block/Australian Plate pole of rotation (which gives us the maximum possible extension rate in the Woodlark Basin from GPS), we obtain contemporary extension rates in the seafloor spreading portion near 152 E of 21 mm/yr, increasing eastward to 40 mm/yr in the eastern portion of the Woodlark Basin (Figure 7 ). These rates are significantly (up to 50%) lower than those previously derived from the study of magnetic anomalies in the oceanic Woodlark Basin for period between 3.6 and 0.5 Ma [Taylor et al., 1999] . The latter predict 40 mm/yr of extension near 152 E, increasing to 70 mm/yr in the eastern part of the Woodlark Basin (Figure 7 ). The 0.5 Ma to present spreading rates are slightly lower than the 3.6-0.5 Ma rates, but are still 30-50% higher than the GPS rates ( Figure 7 , compare green and black vectors). The large difference between the GPS-derived rates versus the seafloor spreading-derived rates from Taylor et al. [1999] has been a persistent problem in understanding the active tectonics of PNG, as noted by Tregoning et al. [1998] and Wallace et al. [2004] .
To robustly test if the GPS and kinematic data can be fit by the 0.5 Ma to present spreading rates in the Woodlark Rift (green arrows in Figure 7 ), we conduct an inversion of the GPS and kinematic data by fixing the Woodlark Plate pole to the 0.5 Ma to present pole from Taylor et al. [1999] . To fit the GPS data, while fixing the 0.5 Ma to present pole of rotation to that of Taylor et al. [1999] Figure  8a ). This model also requires contraction on the Nubara Fault (14-18 mm/yr), which is in marked contrast to its observed right-lateral strike-slip behavior (Figure 1 ) [Taylor et al., 2008a [Taylor et al., , 2008b .
To test if an independent Solomon Sea Plate helps to remedy the situation, we conducted an inversion where we fix the Woodlark Plate pole to the 0.5 Ma to present value [Taylor et al., 1999] , and allow the Solomon Sea Plate to move independently of the Trobriand Block. In this case, we are able to maintain rightlateral motion on the Nubara Fault (the Solomon Sea/Woodlark Boundary in this model), but to do this requires extension in the Trobriand Trough, as well as contraction southeast of Woodlark Island (Figure 8b ). Whether or not the Trobriand Trough accommodates active subduction is unknown, and is one of the most controversial topics in PNG tectonics [Cooper and Taylor, 1987; Abers and Roecker, 1991] . Our results in Figure 8b suggest that if the Trobriand Trough is an active feature today, it is more likely to be undergoing extension rather than accommodating active subduction. Possible extension at the Trobriand Trough agrees with normal faults identified in seismic reflection data near the Trobriand Trough [Soto-Cordero, 1998 ], as well as the fact that the only shallow (<40 km) earthquake focal mechanism coinciding with the Trobriand Trough from the Global CMT catalog is a normal faulting earthquake (Figure 1 ). Moreover, if active subduction occurs at the Trobriand Trough (e.g., if the Solomon Sea Plate moves southwest relative to the Trobriand Block), this exacerbates the GPS/seafloor spreading discrepancy even further, as this scenario would result in contraction and left-lateral strike slip along the boundary between the Solomon Sea and Woodlark Plates, and is kinematically inconsistent with geological and seismological observations for right-lateral strike slip on the Nubara Fault (Figure 1 , see earthquake focal mechanisms, and Taylor et al. [2008a Taylor et al. [ , 2008b ).
One explanation for the difference between the GPS results and the seafloor spreading results of Taylor et al. [1999] is that the spreading rate in the Woodlark Rift has decreased by 30-50% over the last 500 kyr, to the current rates (see section 5.5, for a discussion of mechanisms that could lead to the decrease in spreading rates). It is also likely that the 0.5 Ma to present seafloor spreading rates estimated by Taylor et al. [1999] are an over-estimate, as they are only based on crust created during the Brunhes (modern) Chron, which began 0.78 Ma. Estimates of spreading rates based only on this period may have large uncertainties, and reinterpretation of the 0.5 Ma to present seafloor spreading rates is warranted in the context of our GPS results.
Driving Mechanisms of Microplate Rotation and Rifting in the Woodlark Region
Rapid rotation of the overriding plate is common at subduction plate boundaries worldwide, and these rapid fore-arc rotations typically coincide with a transition from collision to subduction [Wallace et al., 2005 [Wallace et al., , 2009 . The Woodlark Plate is also undergoing rapid rotation, although in contrast to the upper plate Comparison of total rifting rates (in mm/yr) for the entire plate boundary using Woodlark/Australia poles for 3.6-0.52 Ma (red), 0.52 Ma to present (green) [Taylor et al., 1999] , and GPS rates for the Trobriand Block relative to Australia (which represents a total extension budget for the area, including Woodlark basin seafloor spreading) from this study.
Geochemistry, Geophysics, Geosystems examples mentioned above, it is on the lower plate of a subduction zone (the New Britain Trench) (Figure 9 ). Previous studies have suggested northward motion of the Woodlark Plate and subsequent rifting in southeastern PNG is due to slab pull forces at the New Britain Trench [Weissel et al., 1982; Wallace et al., 2004] , where convergence occurs at rates of 10-15 cm/yr, and a long slab has been subducted up to 600 km deep [Hayes et al., 2012] over the last several million years ( Figure 9 ).
Although slab pull forces at the New Britain Trench are a reasonable explanation for rifting in the Woodlark Basin, the cause of rapid rotation of the Woodlark Plate about a nearby pole of rotation ( Figure 5c and Table  3 ) is less clear. We suggest that the along-strike transition from collision of the Finisterre arc terrane with the Australian Margin at the western end of the New Britain Trench (Figure 9 ) to rapid subduction of the Solomon Sea at the New Britain Trench leads to a situation where the slab pull forces exerted on the Woodlark Plate vary strongly from west to east. The faster northward pull at the eastern New Britain Trench compared to collisional resistance to northward motion of the Woodlark Plate further west, sets up a situation where the Woodlark Plate is torqued in an anticlockwise fashion. The Finisterre collision initiation point is propagating rapidly southeast along the plate boundary at a rate of 212 km/Myr over the last 1 Myr, as the Finisterre Arc terrane ''scissors'' into the Australian Margin [Silver et al., 1991] (Figure 9 ). This rapid southeastward propagation of the Finisterre Collision has led to large, recent changes in the magnitude of forces acting on the boundaries of the Woodlark Plate, and may explain the recent slowing of Woodlark Basin spreading rates, as discussed above in section 5.4. For example, as the Finisterre Collision encroaches on the region, it will begin to more strongly counteract the northward slab pull forces that dominate at the New Britain Trench further to the east. Resistance to subduction of the recently created Woodlark Basin crust in the eastern Woodlark Spreading Center could also help to produce an overall decrease in forces driving northward motion of the Woodlark Plate, and contribute to a slowing of Woodlark spreading/rifting rates (Figures 1 and 9 ).
The role of slab pull forces at the New Britain Trench also has implications for the nature of deformation at the Trobriand Trough, a topic of considerable controversy [e.g., Cooper and Taylor, 1987; Abers and Roecker, 1991] . We contend that the strong northward pull from the subducted slab at the New Britain Trench induces extensional stresses across the Solomon Sea Plate and Trobriand Trough. Such a situation would make it difficult to sustain forces driving convergence at the Trobriand Trough; instead, we expect that if the Trobriand Trough is a currently active plate boundary, that it is more likely to be undergoing extension (see also discussion in section 5.4). However, we do agree that the Trobriand Trough may have accommodated active subduction in the past, perhaps up until the Miocene when rifting began in southeast PNG.
Conclusions
The Woodlark Rift in southeast PNG provides a globally unique natural laboratory to investigate an array of processes, including: continental breakup and seafloor spreading, slip on low-angle normal faults, and [Tregoning et al., 1998; Wallace et al., 2004] of the South Bismarck Plate produces the strong eastward increase in convergence rate at the New Britain Trench. Collision initiation propagation shown schematically with green arrow and green star (the modern collision initiation point, after Silver et al. [1991] . CI 5 collision initiation.
Geochemistry, Geophysics, Geosystems exhumation of Ultra-High Pressure rocks. Our results from a network of 45 campaign GPS sites in southeastern PNG place new constraints on the overall rates of rifting in the continental and oceanic portions of the Woodlark Rift, which range from several mm/yr in the western rift, up to 40 mm/yr in the eastern portion of the Woodlark Spreading Center. The strong gradation in extension rates is related to rapid rotation of the Woodlark Plate and Trobriand Block (at 2-2.7 /Myr) about nearby poles of rotation.
In the continental portion of the rift, where our GPS network is more concentrated, the plate boundary deformation is distributed across several structures. At least half of the extension budget is concentrated in the D'Entrecasteaux Islands, a region of actively exhuming Ultra-High Pressure rock terranes, indicating that extensional processes may play a major role in the exhumation of UHP terranes [e.g., Hacker et al., 2000; Walsh and Hacker, 2004; Ellis et al., 2011] . We also find that a low-angle normal fault (LANF), the Mai'iu fault, is a primary plate boundary feature slipping at a rate of at least several mm/yr, and that the 30 dipping fault bounding the Moresby Seamount is slipping at rates as high as 17 mm/yr. These are the highest slip rates ever documented for LANFs worldwide, and our GPS results confirm that LANFs can indeed undergo slip at high rates (e.g., several mm/yr or more). In the continental portion of the Woodlark rift, our GPS deformation rates agree well with geological studies of Kington and Goodliffe [2008] in the area of the Moresby Seamount, while farther to the west the GPS indicate overall higher rates of deformation than those inferred from geological data by Fitz and Mann [2013a] .
Although our GPS network does not allow us to directly measure extension rates in the Woodlark Spreading Center (due to the lack of GPS sites on the Woodlark Plate), we argue that our results do place an upper bound on possible spreading rates there. Overall, the GPS rates of seafloor spreading are 30-50% slower than those determined from magnetic anomalies during the Brunhes Chron (0.78 Myr to present), and are 45-55% slower than spreading rates from 3.8 to 0.5 Ma [Taylor et al., 1999] . We suggest that the rates of seafloor spreading in the Woodlark Rift have decreased since 3.8 Ma to present-day rates. It is also likely that the Brunhes Chron rates are in error since they are based on a shorter period of seafloor spreading (e.g., the last 0.78 Myr), and the 0.5 Ma to present seafloor spreading rates may be overestimated, and should be reinterpreted in the context of the GPS. If there has been a recent decrease in spreading rates, this may be related to southeastward propagation of the Finisterre arc-continent collision on the northern boundary of the Woodlark/Solomon Sea Plate. Southeast propagation of the Finisterre collision provides resistance to northward motion of the Woodlark plate, by counteracting the strong slab pull forces at the New Britain Trench that are the likely driver of rifting in southeastern PNG.
